Chin. Phys. B Vol. 23, No. 7 (2014) 077102

First-principles study of structural, electronic
and optical properties of ZnF,

Wu Jian-Bang(3R 2 #), Cheng Xin-Lu(FEH#%)", Zhang Hong(5K £I), and Xiong Zheng-Wei( HEF{H)
Institute of Atomic and Molecular Physics, Sichuan University, Chengdu 610065, China

(Received 1 January 2014; revised manuscript received 2 April 2014; published online 22 May 2014)

The structural, electronic, and optical properties of rutile—, CaCl,—, and PdF;—ZnF; are calculated by the plane-wave
pseudopotential method within the density functional theory. The calculated equilibrium lattice constants are in reasonable
agreement with the available experimental and other calculated results. The band structures show that the rutile—, CaCl,—,
and PdF,—ZnF; are all direct band insulator. The band gaps are 3.63, 3.62, and 3.36 eV, respectively. The contribution
of the different bands was analyzed by the density of states. The Mulliken population analysis is performed. A mixture
of covalent and weak ionic chemical bonding exists in ZnF,. Furthermore, in order to understand the optical properties
of ZnF,, the dielectric function, absorption coefficient, refractive index, electronic energy loss spectroscopy, and optical
reflectivity are also performed in the energy range from 0 to 30 eV. It is found that the main absorption parts locate in the
UV region for ZnF,. This is the first quantitative theoretical prediction of the electronic and optical properties of ZnF,

compound, and it still awaits experimental confirmation.
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1. Introduction

Fluorides have attracted significant attention due to their
great potential applications in optical, mechanical, supercon-
ducting, and magnetic.!!'#l They are practically stable crys-
tals in the atmosphere. As important inorganic functional ma-
terials, in the last decades, the fluorides with divalent metals
AF, (A = Ca, Cd, Pb, Zn, Mn, Fe, Co, etc.) compounds have
been extensively investigated because of their unique physical
properties and possible applications in different fields. CaF;
was used as a lens material for photolithographic applications

This is due
[15,16]

at wavelengths in the deep ultraviolet region.
to its excellent transmission of vacuum ultraviolet light.
Meanwhile, CaF, may be converted into a semi-conducting
material when doped with the elements of the III.1'/! CdF, and
PbF, are important scintillating materials that exhibit an elec-
tronic conductively behavior.['>1%! Similarly, CoF,, MnF,,
and FeF, have gained extensive attention because of their ex-
cellent magnetic properties. [®-11]

ZnF, is an important optical and electronic conduct-
ing material. In 1950, it was reported by Crawford and
Williams that rutile—ZnF, exhibits n-type electronic conduc-
tion, and its mobility and conductivity at room temperature
are about 10 cm?/V-s and 1073 S/cm, respectively.!!8] New
synthesis routes for difluorides MF, (M = Fe, Mn, Zn, and
Ni) were found by Pourroy et al., and ZnF; is a rutile-type
difluoride.!'”! ZnF, thin films were deposited on SiO,-glass
and Al;O3-single crystal substrates by using the electron-

beam evaporation. The ZnF, films show high orientation
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and crystallinity, and exhibit high transparency in the wave
range from near-infrared to vacuum ultraviolet.!?°! The amor-
phous ZnF,, ZnF,—-BaF,, AlF;, and AlF;-BaF, films were
prepared on CaF,(111) substrates by an electron cyclotron
resonance plasma-enhanced chemical vapor deposition tech-
nique. ZnF; films deposited on the substrates kept at 300 °C
and 100 °C were crystalline and amorphous, respectively.?!]
Chatterji ef al. have investigated temperature dependence of
the lattice parameters and the unit cell volume of ZnF, by neu-
tron diffraction and have discovered negative thermal expan-
sion (NTE) at low temperature.!??! Laser spectroscopy tech-
nique has been applied for studies of MnF, and ZnF; layers
grown by molecular beam epitaxy on silicon substrates with
the use of CaF, buffer layer. Quite complicated spectra of
MnF;:Sm and ZnF,:Sm epitaxial films are observed at non-
resonant excitation.!>3! The core-hole effects on the theoret-
ical fine structure of the X-ray absorption spectra of MgF,
and ZnF; at F K-edge, the electronic and negative thermal
expansion properties of ZnF; have been investigated by first-
principles calculation. ZnF, is a direct band insulator with a
bang gap of 3.65 eV, and this compound exhibits a negative
thermal expansion at lower temperatures.>*2> After doping
by rare-earth atoms, ZnF; becomes an n-type semiconduc-
tor, and this material is attractive for applications as an effi-
cient light emitter in the UV.[?! Recently, high-pressure and
high-temperature behaviors of ZnF, with the rutile-type struc-
ture were investigated by using an energy-dispersive-type X-
ray diffraction method. Two high-pressure phases were found
in the range up to 15 GPa and 400 °C (CaCl,— and PdF,—

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

077102-1


http://dx.doi.org/10.1088/1674-1056/23/7/077102
chengxl@scu.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 23, No. 7 (2014) 077102

ZnF,). The high-pressure behavior of ZnF, is similar to that
of MgF,.?”] The effect of high pressures up to 130 kbar on
the structure of ZnF, at 25 and 300 °C was investigated by
performing the X-ray diffraction in a chamber.[?®! The high-
pressure structural behavior of ZnF; has been studied by Ra-
man spectroscopy and first-principles calculation. At ambient
temperature and pressure, ZnF, is a rutile-type difluoride and
its possible high-pressure phases are rutile, CaCl,, and PdF,
according to these experimental and calculated results.!!%2’]
However, to the best of our knowledge, there are no theoreti-
cal works that explore their optical properties. Hence, in order
to interpret these experimental results and obtain a further un-
derstanding of rutile—, CaCl,—, and PdF,-ZnF,, a theoretical
investigation of the structural, electronic, and optical proper-
ties is necessary. In present work, the structural, electronic,
and optical properties of rutile—, CaCl,—, and PdF,-ZnF, are
calculated by performing the density functional theory (DFT)
within the generalized gradient approximation (GGA).

This paper is organized as follows. The computational
method is described in Section 2. The obtained results are pre-
sented and discussed in Section 3. Finally, the conclusions and
remarks are given in Section 4.

2. Computational method

The calculation method we adopt is a plane-wave pseu-
dopotential method based on density functional theory (DFT).
The ultrasoft pseudopotential’®®! is used with 2s*2p> and
3d'%4s? as the valence electron configuration for the fluorine
and zinc atoms, respectively, to describe the electron—ion in-
teraction. The exchange—correlation function is described by
the generalized gradient approximation (GGA) in the scheme
of Perdew—Burke—Ernzerhof (PBE).[*!! The electron function
was expanded in terms of plane-wave basis set with a cutoff
energy of 480 eV. Reciprocal-space integration over the Bril-
louin zone was approximated through a careful sampling at
finite number of k-points using a Monkhorst—Pack mesh. [3?]
The Brillouin-zone sampling mesh parameters for the k-point
set were 8 x 8 x 10, 8 x 8 x 10, and 8 x 8 x 8 for rutile—,
CaCl,—, and PdF,—ZnF,, respectively. To ensure the proper
convergence of self-consistency calculation, the total energy
was converged to less than 5.0 x 1076 eV/atom. The crystal
structures and the atom coordinates were fully relaxed without
any restriction using the Broyden—Fletcher—Goldfarb—Shanno
method 3! until the force on each atom converges to less than
0.01 eV/A, stress below 0.02 GPa, and the displacement of
atoms during the geometry optimization less than 5 x 10™4 A.
All the calculations were performed with the Cambridge Se-
rial Total Energy Package (CASTEP) code,*¥ at 7 = 0 K and
P =0 GPa.

3. Results and discussion
3.1. Structural parameters

At ambient temperature and pressure, ZnF; is a rutile-
type difluoride and its possible high-pressure phases are rutile,
CaCly, and PdF, according to experimental results.!>°] For the
rutile structure, the space group is P4, /mnm (136#), the site
of Zn is 2a (0, 0, 0) and F is 4f (0.302, 0.302,0). For the
CaClj structure, the space group is Pnnm (58#), the site of Zn
is 2a (0, 0, 0) and F is 4g (0.275, 0.325,0). Similarly, for the
PdF, structure, the space group is Pa-3 (205#), the site of Zn
is 4a (0, 0, 0) and 8c (0.335, 0.335, 0.335). The models of
the rutile—, CaCl,—, and PdF,—ZnF, are shown in Figs. 1(a)—
1(c), respectively. A series of different constants of the rutile—,
CaCly—, and PdF,—ZnF, were set to calculate the total energy
E and the corresponding primitive cell volume V, and a least-
square fit of these energy—volume (E-V') data was made by the
Brich—Burnaghan EOS.[* The ground-state lattice constants
and bulk modulus are listed in Table 1. It is indicated that our
calculated results are in satisfactory agreement with the exper-

imental and other calculated data.[14-20-22.25.27.28.36-38]
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Fig. 1. (color online) Structures and charge densities of (a) rutile—, (b)
CaCl,—, and (c¢) PdF,—ZnF,.

3.2. Electronic properties

In order to analyze the optical properties of the rutile—,
CaCl,—, and PdF,-ZnF,, we firstly investigated their elec-
tronic properties based on the optimization. The band struc-
ture of rutile—ZnF, is shown in Fig. 2. The fermi level is
chosen to coincide with the top of the valence band. The
valence band maximum (VBM) and the conduction band min-
imum (CBM) occur at high symmetric G point, making this
compound a direct band insulator. The band gap is about
3.63 eV, which is obviously less than the experimental val-
ues of 7.0-8.0 eV.3 It is well known that the underesti-
mated band gap can be attributed to the choice of exchange—
correlation energy.[*”! The band structure of CaCl,—ZnF, is
shown in Fig. 3. The CaCl,—ZnF; is also a direct band insula-
tor. The forbidden gap is about 3.62 eV at high symmetric G
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Table 1. The lattice constants, band gaps, and bulk modulus of rutile—, CaCl,—, and PdF,—ZnF, at T =0 K and P = 0 GPa.

Structure alA b/A c/A c/a Ey/eV By/GPa Ref.
47123 47123 3.1791 0.6746 3.63 105.7 This work
47534 47534 3.1943 0.6720 3.60 107.0 Cacl.l14
4.6637 4.6637 3.0919 0.6673 3.65 126.4 Cacl.!
4.7034 4.7034 3.1335 0.6662 - - Expt. 3¢
Rutile-ZnF, 47038 4.7038 3.1336 0.6662 - - Expt.[37]
47048 4.7048 3.1336 0.6660 - - Expt.[?0]
47034 407034 3.1335 0.6662 - - Expt.[??]
47140 4.7140 3.1320 0.6644 - - Expt.[?7]
47110 47110 3.1320 0.6648 - - Expt. (28]
- - - - - 103.8 Expt. [38]
4.8004 4.8153 3.1801 0.6625 3.62 92.8 This work
CaCl,~ZnF, 4.7872 4.7451 3.1734 0.6629 - 87.0 Cacl.l'¥
4.6120 47510 3.0650 0.6646 - - Expt.[?7]
5.1152 5.1152 5.1152 1.0000 3.36 111.1 This work
PdF,—ZnF, 5.0594 5.0594 5.0594 1.0000 - 116.0 Cacl.l1¥
4.8810 4.8810 4.8810 1.0000 - - Expt.[?7]

point. It can be seen that the energy bands of the rutile— and
CaCl,—ZnF, are similar. This is due to the fact that the space
group Pnnm is a subgroup of P4,/mnm, and the symmetry
of Pnnm is lower than the P4, /mnm. The band structure of
PdF,—ZnF; is shown in Fig. 4. The band gap of the direct-band
insulator PdF,—ZnF; is about 3.36 eV. The important features
of the band structure (main band gaps) for these compounds
are given in Table 2. To further elucidate the nature of the
electronic band structure, we also calculated the partial den-
sity of states (PDOS) of rutile—, CaCl,—, and PaF,—ZnF,. For
the rutile-ZnF, (Fig. 2), the valence band mainly consists of
the 2s and 2p states of F, and 3d states of Zn. In the uppermost
valence band, F 2p states are predominantly found between
—6.50 and 0 eV, while F 2s states appear in the range from
—22.26 to —19.72 eV. Zn 3d states are observed in the energy
range from —6.50 to 0 eV. The conduction band mainly con-
sists of the Zn 4s and 3p states. For the CaCl,—ZnF; (Fig. 3),
the valence band mainly arises from the 2s and 2p states of
F, and 3d states of Zn. In the uppermost valence band, F 2p
states are predominantly found between —6.71 and 0 eV, while
F 2s states appear in the range from —22.53 to —19.39 eV.
Zn 3d states are observed in the energy range from —6.71 to
0 eV. The conduction band mainly consists of the Zn 4s and 3p
states. For the PdF,—ZnF, (Fig. 4), the valence band mainly
consists of the 2s and 2p states of F, and 3d states of Zn. In the
uppermost valence band, F 2p states are predominantly found
between —4.96 and 0 eV, while F 2s states appear in the range
from —22.94 to —19.23 eV. Zn 3d states are observed in the
energy range from —4.96 to 0 eV. The conduction band mainly

consists of the Zn 4s and 3p states.

077102-3

Energy/eV

—10 I

—20F b -

Z A M G Z R X GO0246 8101214
DOS/eV™!
Fig. 2. (a) Band structure and (b) density of state of rutile-ZnF,. The

symmetry points of the first Brillouin zone: G (0, 0, 0), Z (0, 0, 1/2), A
(1/2,1/2, 1/2), M (1/2, 1/2, 0), R (0, 1/2, 1/2), and X (0, 1/2, 0).
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Fig. 3. (a) Band structure and (b) density of state of CaCl,—ZnF,. The
symmetry points of the first Brillouin zone: G (0, 0, 0), Z (0, 0, 1/2), T
(—1/2,0,1/2),Y (—-1/2,0,0), S (—1/2,1/2,0), X (0, 1/2,0), U (0, 1/2,
1/2),and R (—1/2, 1/2, 1/2).
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Fig. 4. (a) Band structure and (b) density of state of PdF,—ZnF,. The
symmetry points of the first Brillouin zone: G (0, 0, 0), X (1/2, 0, 0), M
(172,172, 0), and R (1/2, 1/2, 1/2).

Table 2. Band gap energies E; (eV) and symmetry of the valence-to-
conduction band transition for rutile—, CaCl,—, and PdF,-ZnF,.

Structure Eg/eV Ey/eV

G -G 3.631 - -
G—Z 8.104 Z—Z 9.274
G—A 7.885 A—A 8.616

rutile-ZnF, G—-M 6.890 G—-M 7.066
G—R 8.558 R—R 8.563
G—X 6.012 X=X 6.395
G -G 3.623 - -
G—=Z 8.085 Z—Z 8.956
G—=T 8.641 T—T 8.648

CaCl,—ZnF, G—=Y 6.095 Y=Y 6.117
G—=S 6.870 S—S 7.068
G—X 5.875 X—-X 6.074
G—=U 8.538 U—U 8.538
G—R 8.085 R—R 8.722
G—=G 3.363 - -
G—X 5.777 X=X 5.771

PdF,-ZnF, G—R 7.568 R—R 7.570
G—->M 7.068 M—M 7.454
G—R 7.674 R—R 7.681

The Mulliken population analysis*'3! is a good method
to study bonding behavior and understand the charge transfer
between the cation and anion. Our calculated results of pop-
ulation analysis are shown in Table 3. The positive value of
charge represents the losing electron, and the negative repre-
sents the accepting electron. For the rutile— and CaCl,—ZnF,,
the charge distributions are the same. The net charges of Zn
and F atoms are 1.13 and —0.56 e, respectively. The charge
transfer is from Zn to F, and the electron number of Zn 4s
states is less than Zn 3p states. For the PdF,—ZnF,, the net
charges of Zn and F atoms are 1.11 and —0.55 e, respectively.
The charge transfer is also from Zn to F. It can be concluded
that the Zn 4s states have stronger ability of losing electron

compared with Zn 3p states. The charge density distributions
that serve as a complementary tool to understand the electronic
structure of the system have been studied. The charge density
distributions along the (221) plane of rutile- and CaCl,—ZnF,
are shown in Figs. 1(a) and 1(b), and the charge density dis-
tribution along the (110) plane is shown in Fig. 1(c), and their
3D figures are shown in Fig. 5. The covalent character of any
material can be related to the sharing of the charge between
the cation and anion while the ionic character is related to the
charge transfer between the cation and anion. The covalent
character of ZnF; is due to the hybridization of Zn 3d with F
2p states between —6.71 and O eV. It can be seen that most
of the charge is populated in the F—Zn bond direction, while
the maximum charge resides on the F and Zn sites. We also
performed the Mulliken overlap populations!*1#4 of rutile—,
CaCl,—, and PdF,-ZnF, to describe the interaction between
atoms, as listed in Table 4. The positive overlap populations
indicate the bonding between the atoms, while the negative
represents anti-bonding, and the values denote the intensity of
bonding. It is found that a mixture of covalent and weak ionic
chemical bonding exists in ZnF,.

Fig. 5. (color online) Charge density distribution of ZnF, (3D) along
the (221) plane for (a) rutile— and (b) CaCl,—ZnF,, and (c) along the
(110) plane for PdF,—ZnF,.

Table 3. Mulliken population analysis of rutile—, CaCl,—, and PdF,—
ZnF,.

Structure Species s p d Total  Charge/e
1.95 5.61 0.00 7.56 —0.56

Zn 036 051 10.00 10.87 1.13

rutile—ZnF;

1. .61 . . —0.
CaClyZnF> 95 56 0.00 7.56 0.56
Zn 036 051 10.00 10.87 1.13
PdF,_ZnF, 195 560 0.00 7.55 —0.55
Zn 037 053 10.00 10.89 1.11
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Table 4. Mulliken overlap populations of rutile—, CaCl,—, and PdF,—
ZnF,.

Structure Bond Population Length/A
F-Zn 0.19 2.07022
rutile—ZnFs F-Zn 0.36 2.07264
F-F —0.04 2.65953
F-F —0.06 2.92944
F-Zn 0.19 2.06957
F-Zn 0.36 2.07279
CaCly=2nky F-F ~0.04 2.65979
F-F —0.06 2.93157
F-Zn 0.18 2.08906
PdF,-ZnF, F-F —0.05 2.72080
F-F —0.01 2.82025

3.3. Optical properties

The complex dielectric function € () = & () +i& ()
is known to describe the optical properties of materials. In this
work, the excitonic effects are ignored while the local field ef-
fect is included under calculations. The imaginary part & (®)
is calculated from the momentum matix elements between the
occupied and unoccupied wave functions within the selection
rules. Transitions between occupied and unoccupied states are
caused by the photon absorption or emission. The real part
€1 () of the complex dielectric function can be obtained using
the Kramers—Kronig relationship. The imaginary part & (o)

and real part € () of the dielectric function £(®) are given
by [45-49]

4 2,2
(o) = (Sigz ) L [ 615750 -1)
x8(Ej—Eix—o )d3k (1)
e (@) = 1+ p/ “’w,z , @

where e is the charge of free electrons, m is the mass of free
electrons, @ is the frequency of incident photons, M is the
dipole matrix, i and j are the initial and final states respec-
tively, f; is the Fermi distribution function for the i-th state, E;
is the energy of electron in the i-th state with crystal wave vec-
tor k, and P denotes the principal value of the integral. Optical
constants such as absorption coefficient /(w), the refractive
index n(), extinction coefficient k(®), electron energy loss
spectrum L(®), and optical reflectivity R(®) can be obtained.
The concerned formulas are described as follows: 4341

1/2
1<w>=ﬁ<w>[ el<w>2+ez<w>2—el<w>] 3

1/2
e (0) +&(0) € ()

n(w)= 7 + ) ) “)

5 1/2
k() = ( )2+82( ) _81(20)) 7 5
_ & (o)
©)= e (0) +&(0)* ©
e(w)—1 ?

R(w) = (7

Ve(w)+1

The real and imaginary parts of the dielectric function are
displayed in Figs. 6(a) and 6(b). From the real dielectric func-
tion € (@), the information about the electronic polarizability
of the material can be obtained. The static dielectric constants
at the zero frequency limit are obtained as &;(0) = 2.20, 2.20,
and 2.14 for rutile-, CaCl,—, and PdF,—ZnF,, respectively.
For rutile— and CaCl,—ZnF,, one negative scale is found that
the range is from 17.96 to 21.50 eV, and for PdF,—ZnF,, the
range is from 13.88 to 17.00 eV. It indicates that the rutile—,
CaCl,—, and PdF,—-ZnF, show a metallic behavior in these
frequency zones. In the curve of & (), imaginary parts of the
dielectric function for rutile— and CaCl,—ZnF, are almost the
same. Hence, there are four main peaks which are identified
by the symbols A (1.40 at 7.79 eV), B (1.45 at 11.11 eV), C
(1.85 at 15.64 eV) and D (1.81 at 16.83 eV) for rutile- and
CaCl,—ZnF,. For the PdF,—ZnF,, three main peaks A’ (1.64 at
8.32eV), B’ (2.00 at 10.91 eV), and C’ (2.04 at 13.16 eV ) are
observed. The peak A is mainly due to the transition from Zn
4s (7.82 eV) to the Zn 4s (15.64 eV) in the conduction band.
The peak B may be due to the electronic transitions from Zn
3d (—4.24 eV) and F 2s (—4.27 eV) in the valence band to Zn
4s (7.83 eV) in the conduction. The peak C arises from the
transitions: F 2p (—1.19 eV) to Zn 3p (14.22 eV). The peak D
originates from the following transitions: F 2s (—20.78 eV) to
Zn 3d (—4.24 eV). Similarly, the peak A’ is a significant con-
tribution from F 2p (—1.49 eV) to Zn 4s (7.82 eV). The peak
B’ emerges from Zn 3d (—2.86 eV) to Zn 4s (7.82 eV) and

2.5

2.0 [ (e = = - rutile
- CaCl,

15F
W10k
0.5

&1

Energy/eV

Fig. 6. The calculated (a) imaginary and (b) real parts of complex di-
electric constant of rutile—, CaCl,—, and PdF,-ZnF;.
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peak C’ arises from the transitions: F 2p (at —1.49 eV) to Zn
3p (10.93 eV). The threshold energy of the dielectric function
occurs at £y = 3.52, 3.52, and 3.36 eV for rutile-, CaCl,—,
and PdF,-ZnF,, which corresponds to the fundamental gap
at equilibrium. It is well known that the materials with band
gaps larger than 3.1 eV work well in the ultraviolet region of

(30511 Therefore, ZnF, will work excellently in

the spectrum.
the UV region as an optical material.

The optical absorption coefficients I(®) of rutile—,
CaCly—, and PdF,-ZnF, are shown in Fig. 7. The absorption

edge E, can be obtained from the following relation: 5!

ahv = C (hv — E,)", (®)

where hv is the photon energy, C is a constant, and « is the
optical absorption coefficient. We use a value of n = 1/2 for
a direct band gap material and n = 2 for an indirect band gap
material. Using the linear extrapolation method, the direct ab-
sorption edges with phonon absorption (Eglir — Epp) are deter-
mined to be 6.48, 6.48, and 7.05 eV, respectively, for rutile—,
CaCl,—, and PdF,—ZnF,, where Egir is the direct band gap, and
Eyp, the phonon energy. The absorption edge for rutile—ZnF,
is consistent with Issei Suzuki’s result (6.70 eV).[2% It shows
that the absorption coefficients (inset) start from about 4.45,
4.45, and 4.43 eV, respectively, after which the intensities en-
hance with the increasing photon energy, and reach the max-
imum values of 2.55 x 10°, 2.55 x 10°, and 2.12 x 10° ¢cm™!
(at 18.91, 18.91, and 14.03 eV), respectively. There is no elec-
tronic transition in the low energy range E < 4.45, 4.45, and
4.43 eV, respectively. The absorption region is quite wide, and
the main absorption parts locate in the UV region.

5 B
=
B 3} N\
7, AR
T4 T N
g 8 / 4
S Bt 7 !
N> 3t é 4 \‘
e <, AR VA
13 0 5 10 15 20 25 30
N: 2k - - - Lutile Energy/eV
g ............. CaCIQ
S L PdF, 6.48 eV
7.05 eV
0 1 1
3 4 5 6 7 8 9

Energy/eV

Fig. 7. Calculated optical absorption coefficient (inset) and variation of
(athv)? as a function of photon energy for rutile—, CaCly—, and PdF,—
ZnF,.

The calculated refractive index n(®) and extinction co-
efficient k(w) are depicted in Figs. 8(a)-8(c). The static re-
fractive index n(0), which implies the important quantity with
a value of 1.48 for rutile-ZnF, equals the result for CaCl,—
ZnF,. The static refractive index n(0) of PdF,—ZnF, is 1.46.

The maximum refractive indices of rutile—, CaCl,—, and PdF,—
ZnF, are 1.71, 1.71, and 1.69 (at 5.05, 5.05, and 4.98 eV),
respectively. In the curve k(®), the local maxima of the ex-
tinction coefficient k(@) corresponds to the zero of € (®)
(~17.72, 17.72, and 13.82 eV, for rutile—, CaCl,—, and PdF,—
ZnF,, respectively).

The calculated electron energy loss spectrum L(®), and
reflectivity R(®) of the rutile—, CaCl,—, and PdF,-ZnF, are
shown in Figs. 9(a) and 9(b). The loss function is an important
parameter describing the energy loss of a fast electron travers-
ing in a material. Generally, the peak of L(®) spectrum repre-
sents the characteristic associated with the plasma resonance
and the corresponding frequency is the so-called plasma fre-
quency @,.33] Figure 9(a) shows that the main peaks in energy
loss spectrum L(®) occur at 21.85, 21.85, and 17.78 eV for the
rutile—, CaCl,—, and PdF,—ZnF,, respectively. The reflectivity
R(w) is displayed in Fig. 9(b). Remarkably, the maximum in
energy loss function L(®) occurs while the real part of dielec-
tric function &; (@) drops below zero and the reflectivity starts
decreasing rapidly (see Figs. 6(b) and 8).

2.0
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Fig. 8. Calculated refractive index n(®) and the extinction coefficient
k() for (a) rutile—, (b) CaCly—, and (c) PdF,~ZnF,.
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Fig. 9. Optical spectra as a function of photon energy for rutile—,
CaClp—, and PdF,—ZnF;: (a) energy loss function and (b) reflectivity.
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4. Conclusions

In summary, the structural, electronic and optical prop-
erties of the rutile—, CaCl,—, and PdF,—ZnF, have been cal-
culated by performing the density functional theory (DFT)
within the generalized gradient approximation (GGA). The
calculated equilibrium lattice constants at zero pressure of
these compounds are in reasonable agreement with the avail-
able experimental and other calculated results. The band struc-
ture calculations show that the rutile—, CaCl,—, and PdF,—
ZnF, are all direct band insulators. The Mulliken popula-
tion analysis shows that a mixture of covalent and weak ionic
chemical bonding exists in ZnF,. The dielectric function, ab-
sorption coefficient, refractive index, electronic energy loss
spectroscopy, and optical reflectivity are also performed in the
energy range from 0 to 30 eV. The main absorption part locates
in the UV region for ZnF,. Hence, ZnF, will work excellently
in the UV region as an optical material.
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